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Abstract 

The CP violation observed in K- and B-mesons can be successfully accommodated via 
Q_| the CKM matrix in the standard model. However the additional CP violation is required 

^ in order to induce the matter and anti-matter asymmetry observed in the Universe. The 



additional CP violation can be induced by complex vacuum, namely the spontaneous CP 
violation. In this paper we reveal the intimate connection of the spontaneous CP violation 
and the lightness of the Higgs boson, which was recently discovered by ATLAS and CMS at 
the LHC. 
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I. INTRODUCTION 

Recently ATLAS jl| and CMS Q at Large Hadron Collider have discovered one new par- 
ticle around 125 GeV with compatible properties with Higgs boson in the standard model 
(SM) of high energy physics. In the SM, the mass of Higgs boson is a free parameter and 
could be enormous. The great success of the renormalizable SM indicates that there should 
exist large hierarchy between electro-weak and the higher scale, based on the renormal- 
ization group flow analysis of K. Wilson. The Higgs boson, as the spin-0 scalar, tends to 
get contributions from the higher scale and becomes enormous. Therefore the pursuit of 
underlying reason why the Higgs boson is light is quite natural. Even before the direct 
confirmation of the light Higgs boson, one has inferred the similar Higgs boson information 
from the precision measurements at LEP and Tevatron. Moreover the new ideas have been 
proposed in order to account for the lightness of the Higgs boson. For example, the light- 
ness of Higgs boson could be protected by supersymmetry. In the minimal supersymmetric 
model (MSSM), the mass of Higgs boson can be expressed as m# < mz\ cos 2/3 1 at tree level, 
where mz is the Z boson mass and (3 is the angle defined by tan/3 = vijv\. Here Vi and V\ 
are the vacuum expectation values (VEV) of the two Higgs fields introduced in MSSM. In 
the little Higgs models, the lightness of Higgs boson is protected by the approximate global 
symmetry and is treated as the pseudo-Goldstone boson. Though the supersymmtry and lit- 
tle Higgs models are quite intriguing, the experimental search for their companions, namely 
the gluinos and squarks in supersymmetric models and extra gauge bosons W and/or Z' in 
little Higgs models, has failed. In this paper we will reveal another interesting connection 
between lightness of Higgs boson and the CP spontaneous violation. 

CP violation is required in order to account for the matter and anti-matter asymmetry 
in the Universe, as pointed by Sakharov (3] several decades ago. In the SM, CP non- 
conservation does exist in the CKM matrix. However such CP violation is not sufficient to 
accommodate the observed asymmetry 4j|. Seeking additional source of CP violation is one 
of the most important motivations of B-factories, super B-factories and LHCb. In the SM the 
origin of CP violation in CKM matrix can be traced back to the complex Yukawa interaction 
among Higgs field and fermions. Besides such explicit CP violation, CP non- conservation 
can also be traced back to the complex vacuum, as pointed by T.D. Lee [5, 6] long time ago. 
Now that the required additional CP violation and Higgs boson obtain mass via the same 
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mechanism, i.e. the spontaneous symmetry breaking, is the Higgs boson mass intimately 
related to such CP violation? In this paper we will show that, taking a simplest spontaneous 
CP violation model as the example, the mass of the lightest neutral Higgs boson is closely 
related to CP violation phase of the vacuum. Provided that the SM is not CP-violated, 
the lightest neutral Higgs boson would be massless, sharing the same characteristic with 
the neutral Goldstone boson. In reality we require additional CP violation from complex 
vacuum, as a consequence, the neutral lightest Higgs boson becomes massive and the other 
neutral Higgs bosons are much heavier than the lightest one. In this sense we relate the 
lightness of Higgs boson to the complex vacuum. For the most general spontaneous CP 
violation models, we argue that the lightest neutral Higgs boson can have the exact the 
same feature as in the simplest case. 



II. SPONTANEOUS CP VIOLATION AND LIGHTNESS OF HIGGS BOSON IN 

TWO HIGGS DOUBLETS MODEL 



One decade ago, we have investigated the simplest spontaneous CP violation model 
and applied it to the B-meson decay, especially in the large tan/3 case. The motivations of 
this model are as following. If one insists the natural flavor conservation (NFC) condition, 
a minimum of three Higgs doublets are necessary in order to have spontaneous CP violation 



9Mllj. Provided that NFC is given up, the CP can be explicitly violated in the Higgs 
potential. However we are only interested in the spontaneous CP violation and investigate 
its connection with Higgs boson mass. In this paper we will investigate the properties of the 
Higgs potential for the simplest case of spontaneous CP violation, i.e. only introducing two 
complex Higgs doublets without obeying NFC condition. In the previous works, we have 



introduced additional terms which break NFC condition only softly 
For two complex Higgs doublets $j (i=l,2) with hypercharge Y = 1 



0° and <pf represent neutral and charged complex component of $j, the most general CP- 
invariant Higgs potential can be written as 



^($!,$ 2 ) = V 2 + V i . 
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It'd better to divide term as real and imaginary parts separately: i?e[$J$j] = -Rem- 
and 7m[$J$j] = Irriij in order to classify the terms conveniently. For % — j imaginary part 
is 0. Under CP transformation, only imaginary part for % ^ j changes sign. Hermitian and 
CP invariant require 

V 2 = m\Reu + m\Rei2 + mlRe 2 2 (1) 

with m 2 (i=l-3) the real parameters. 

Hermitian and CP invariant also require 

V A = Re u [Aiiten + X 2 Rei2 + A 3 i?e 22 ] 
+Re 12 [A 4 i?ei2 + A 5 i?e 2 2] 

+X 6 Rej 2 + A 7 im 2 2 (2) 

where \ (i=l-7) are real parameters. 

We assume that the minimum of the potential is at 



< $1 >= 




| ;< $2 >= | 














[v 2 e* 1 



(3) 



which breaks the gauge group SU(2)l <8> U(l)y down to U(l) em and the CP invariance. We 
can define tan = v 2 /vi, v 2 = v 2 + v\. In the end the v is determined by the mass of weak 
gauge bosons, as usual. 

The requirement of the stationary point of the potential leads to the following constraints: 

2vi [m\ + 2Xivf + X 3 v 2 ] + [m\ + 3X 2 vf + X 5 v 2 ] v 2 cos£ 
+2A 4 f iv 2 cos 2 f + 2X 7 viv% sin 2 £ = (4) 



dV 
dvi 



dV 

dv 2 



2v 2 [ml + 2A 6 f 2 + A 3 w 2 ] + [mj + 3A 5 t>2 + X 2 vf\ v\ cos£ 
+2X^v\v 2 cos 2 £ + 2X 7 v\v 2 sin 2 £ = 



(5) 



— = sm£t>iU 2 [2(A 7 - X±)viV 2 cos£ - m\ - X 2 v\ - A 5 t> 2 ] = 



(6) 
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For sin£, V\, v 2 ^ 0, we can solve the equations to get 

ml = 2(A 7 — A 4 )t>if 2 cos£ — A 2 t> 2 — A 5 t> 2 (7) 



m 



m 3 



I = - [2X^1 + (A 3 + A 7 ) v\ + A 2 t»it» 2 cos«£] (8) 



- \l\v\ + (A 3 + A 7 ) v\ + A 5 ^ 2 cos e] (9) 



After substituting those conditions into Higgs potential, we trade v\^v 2 ^ with m\,m\,m\. 
It should be emphasized that £ = is the trivial solution of the stationary conditions! In 
this case Eq. M does not necessarily hold (cf. EqJH]), the would-be-eliminated parameter 
by this equation will eventually control the mass of pseudo-scalar, usually denoted as A in 
literature. 

The potential minimum conditions require that at the stationary point 

d 2 V 
dvidvi 

det ( ^ \ ~ 

\dxidxj J 

det (-^-) > (10) 



dyidyj 



where Xi = vi, v 2 and yi = Vi,v 2 , £• 
The explicit inequalities are 



4Aicos 2 /3 + cos£ [(A 4 - A 7 ) cos£ sin 2 /3 + A 2 sin(2/3)] >0 (11) 

- [A^ + 4Ai(A 7 - A 4 )] cos 2 ^cos 4 /3-4[A 2 (A 3 + A 7 ) -2A1A5] cos f sin cos 3 

- [4A 2 + 2A4A3 + 6A 7 A 3 + 2A 2 - A 2 A 5 - 16AiA 6 + 2A 4 A 7 

+ (-A2A5 + 2A 3 (A 4 - A 7 ) + 2(A 4 - A 7 )A 7 ) cos(20] sin 2 cos 2 

-4 [A 3 A 5 + A 7 A 5 - 2A 2 A 6 ] cos £ sin 3 cos - [A 2 , + 4A 6 (A 7 - A 4 )] cos 2 £ sin 4 > (12) 
sin 4 (2/3) sin 2 £ [A 3 - A 4 A 2 + A 2 A 5 A 7 - A 2 A 6 - A 2 (A 4 - A 7 ) - A 4 (A 2 - 4A 4 A 6 + 4A 6 A 7 ) 
+A 3 (A 2 A 5 + 2A 7 (A 7 -A 4 ))] > 0. (13) 

Now we switch to the spectrum of the physical Higgs bosons. The charged part can be 
written as (</>j~, <p2 )M(4>f, 0^) where the mass matrix 

(v 2 — ViV 2 e~^ , 
— V\v 2 e K v{ 
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The mass eigenstates of G and H can be written as 

G~ = sin + cos (15) 

H~ = e * cos /302 - sin (5^ (16) 

with 

m G ± = 0; m H ± = — X 7 v 2 . (17) 

As usual the charged Goldstone boson G ± will be absorbed by charged gauge bosons. 

For the neutral part, in the basis of {Im(<f)i), Im(<j) 2 ), Re(4>i), Re((f) 2 )} the symmetric 
mass matrix M can be expressed as 

M u = (A 4 - A 7 )t> 2 sin 2 £ 

M12 = X5V 2 sin 2 £ 

Mi 3 = [X 2 vi + (A 4 - X 7 )v 2 cos£] w 2 sin£ 

M14 = [(A 4 - X 7 )vx + X 5 v 2 cos£] w 2 sin£ 

M 22 = 4A 6 ^sin 2 e 

M 23 = [2(A 3 + A 7 )i>i + X 5 v 2 cos£] v 2 sin£ 

Af 24 = [A5V1 + 4A 6 i>2 cos £] t» 2 sin £ 

- [8A^ 2 + AX 2 v 1 v 2 cosC + (A 4 - A 7 )(l + cos(2f))vf] 

(2A 3 + A 4 + A 7 )^ 2 cos£ + - [2A 2 w 2 + A 5 t; 2 (l + cos(2£))] 



M: 



33 



Af. 



31 



M 44 = (A 4 - A 7 )t> 2 + 2A 5 uiu 2 cosf + 2A 6 t|(l + cos(2f)). (18) 

From mass matrix M, we should note one important feature in the limit of £ — >■ 0. In this 
limit, the whole mass matrix can be decomposed into zero and a non-zero M 2x2 matrices as 

M = (° 2X2 ° 2X2 ] . (19) 
\O2x2 M' 2x2 ) 

This feature can be understood because we have applied the constraint of Eq. [9j which is 
not required for the case of CP conserving £ = 0. One less free parameter drives one of 
physical neutral Higgs boson massless, sharing the similar feature with neutral Goldstone 
boson G°. This point can be shown by rotating away Goldstone state G° = cos/3/m05 + 



sin f3 cos £im</>2 — sin/3sin£i?e(02)- We can obtain mass matrix N 3x3 v 2 in the basis of 



— sin /3Im((j)1) + cos (3 cos ^Im^®) — cos (3 sin £i?e( 



A 



V 



sin^/m(02) + cos£i?e(</>2) 
Here the matrix N can be expressed as 



(20) 



#12 
#13 
#22 
#23 
#33 



[A4 — A7] sin 2 £ 

— [A 2 cos (3 + (A 4 — A 7 ) cos £ sin j3] sin £ 

— [A 5 sin (3 + (A 4 — A 7 ) cos (3 cos £] sin £ 

4Ai cos 2 /3 + 2A2 cos £ sin /3 cos /3 + (A4 — A7) cos 2 £ sin 2 f3 

A2 cos£ cos 2 (3 + (2 A3 + 2A7 + (A4 — A7) cos 2 £) sin /3 cos/3 + A5 cos£ sin 2 (3 

(A 4 - A 7 ) cos 2 (3 cos 2 £ + 2A 5 sin f3 cos /3 cos £ + 4A 6 sin 2 0. (21) 



In the limit of £ — 0, we can expand the determinant of mass matrix as 

det (Nv 2 ) = [Xj + (2A 3 - A 4 ) A 2 + (A 2 - 2A 3 A 4 + A 2 A 5 - 4AiA 6 ) A 7 

+ (-A1A 2 - A 2 A 4 + A 2 A 3 A 5 - A 2 A 6 + 4AiA 4 A 6 )] sin 2 (2/3)£V + O (£ 3 ) (22) 

The mass of the lightest neutral Higgs boson mass can be written, in the leading order of £, 

as 



m hl = f(\i,P)£v. 



(23) 



The mass eigenstate of this neutral Higgs boson approaches — sin (3Im(4>^) + cos (31 m((j)^), 
orthogonal to G°. Compared with the mass of the SM Higgs boson which is solely determined 
by A and VEV, the lightest neutral Higgs boson here is also determined by the CP violation 
parameter £. In the limit of £ — > 0, the lightest neutral Higgs boson and the neutral 
Goldstone boson both are the mixing states of 7m(05) an d Im^cf)®), sharing the same massless 
feature. Provided that the SM is not CP-violated, the lightest neutral Higgs boson would 
be massless. The reality is that the SM is CP- violated 1 , therefore the lightest neutral 



1 Here we refer to the additional CP violation. In fact, the CKM CP violation phase can also be traced 
back to the complex vacuum. 
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Higgs boson is massive. In this sense, the lightness of the lightest Higgs boson is intimately 
connected to the spontaneous CP violation. 

The next question is: Does the mass of the physical lightest neutral Higgs boson in the 
most general spontaneous CP violation models also approach in the CP invariant limit? 
The answer is yes if the £ = is the trivial solution to equations of the stationary conditions! 
The arguments are as following. Provided that the original Higgs potential is CP-conserving 
with certain symmetry. In order to realize the spontaneous symmetry breaking, which gives 
mass to gauge bosons and induces CP violation, the stationary condition for £ will eliminate 
one free parameter in the Higgs potential as in Eq. El If £ = is the trivial solution, the 
would-be-eliminated parameter must be associated with £ in the mass matrix (c.f. [18] or 
2TT) . In the limit of £ — > 0, at least one neutral Higgs boson shares the massless nature of 
neutral Goldstone boson. Such behavior indicates that the lightness of the Higgs boson can 
be traced back to the spontaneous CP violation phase of the vacuum. 

In the following, we show explicitly the neutral Higgs mass spectrum, especially the 
lightest one. One can diagonalize the 3x3 real symmetric mass matrix via 

V n .Nv 2 .VZ = -diag(m 2 h3 ,ml 2 ,m 2 hl ) (24) 



assuming < rrih 2 < mh 3 



M 




^— sin f3Im( 


fii) + cos j3 cos£im(02) — cos P sin£i?e(</ 




h 2 


= V T 




Re{4>\) 








V 


sin£/m(0°) + cos£Re($j) 


/ 



(25) 



Here matrix V n can be parameterized by three angles 9i(i = 1 — 3) with < 6i < tt/2. The 
physical quantities can be chosen as (v, tan/3, £, m hl ,m h2 ,m h3 , 6*i, 9 2 , 03, m H ±) in accordance 
with the degree of freedom in Higgs potential. Because the analytical transformation from 
Aj to Higgs boson masses and the mixing angles are too lengthy to be useful here, for our 
purpose, we choose a set of A« parameters to illustrate the connection between Higgs boson 
masses with £, especially for m^. The benchmark point is chosen as 



175GeV,tan/3 = 1, A 7 = -4, Ai = 4, A 2 3 4. 



5,6 



I. 



This point satisfies the inequalities [TTHTBl The lightest Higgs boson mass , mh 2 and 
m h3 are depicted as a function of £ in Figs. [Ql3] respectively. From the figure it is quite 
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clear the dependence of light Higgs approaches massless for the CP conserving case. More 
importantly, besides the lightest Higgs boson, the other neutral Higgs bosons are much 
heavier. These three figures clearly demonstrate the crucial role of the spontaneous CP 
violation parameter £. 




1 2 3 4 5 6 



FIG. 1: Lightest Higgs boson mass m/ il [in GeV] as a function of £. 

III. DISCUSSION AND CONCLUSION 

To summarize, we reveal in this short paper the intimate connection between the sponta- 
neous CP violation and the lightness of the Higgs boson, which was discovered recently by 
ATLAS and CMS. In the limit of CP conserving case, the lightest Higgs boson degenerates 
with the massless neutral Goldstone boson. Such connection implies that there should be 
more Higgs sectors and additional CP violation arising from the complex vacuum. The 
newly discovered state with mass around 125 GeV is not a pure CP-even scalar as in the 
standard model. Instead it is a mixing state of CP-even and CP-odd. Besides the lightest 
neutral Higgs bosons, there are more much heavier neutral Higgs bosons. We demonstrate 
this point in the two-Higgs doublet model and which can be true in the more complicated 
case. For the two-Higgs doublet model, current experiments are insensitive to neutral Higgs 
bosons because the couplings are usually severely suppressed by rrif/mw for light fermions. 
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FIG. 2: mh 2 [in GeV] as a function of £. 
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FIG. 3 


: m hs 


[in GeV] as a function of £. 





It is not hard to find allowed parameters. On the contrary the couplings of top quark with 
Higgs boson are not suppressed. However the huge QCD backgrounds may bury the signal. 
Such processes deserve further investigations. Actually the full phenomenological investiga- 
tions are beyond the scope of this paper. Last but not least, besides the current running 
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colliders, dedicated Higgs factory may be needed in order to precisely measure the detailed 
information of the lightest neutral Higgs boson. The whole Higgs spectrum and couplings 
can only be revealed at the next generation colliders. 
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